Abstract. Methyltrimethoxysilane (MTMS) was used as the precursor to prepare organically modified silica (ormosil) aerogel powder. The preparation was done in two steps. In the first step, MTMS was transformed into a gel through crosslinking by a small amount of sodium silicate, and the gel was broken into small pieces by strong shearing. In the second step, additional MTMS that was prehydrolyzed by acid catalyzed hydrolysis was added to the former gel dispersion, then ammonium hydroxide was added to make the pH to be about 11. An instant precipitation of white solid was observed after ammonium hydroxide addition. Superhydrophobic ormosil powder was obtained after ambient pressure drying of the precipitated solid. Scanning electron microscopy(SEM) observation shows that the obtained powder was of porous structure resembling aerogel.
Introduction
Superhydrophobic surfaces have been widely studied these years because of their versatile potential applications. For example, superhydrophobic textiles could be used to fabricate filter for oil-water separation [1] . Self-cleaning surfaces could be made by mimicking the hierarchically rough surface of natural self-cleaning plants [2, 3] . Metal surfaces with superhydrophobicity could withstand long-term exposure to corrosive liquids, e.g. acidic, basic and salt solutions [4] . Superhydrophobic surfaces are also able to prevent ice formation upon impact of supercooled water both in laboratory conditions and in natural environments [5] .
The apparent contact angle of a droplet of water on a rough surface is given in Eq. 1 [6] . cos θ' = r cos θ
where r is the roughness factor, which is defined as the ratio of the area of a rough surface to its geometric projected area. θ is the contact angle of water on a flat surface, and θ' the apparent contact angle on its corresponding rough surface.
This means that a rough surface is more hydrophobic than a flat surface for an intrinsically hydrophobic material, of which θ > 90º [6] . Accordingly, surfaces are designed to be of low fraction of solid area, using materials that are intrinsically hydrophobic, the larger the r or θ, the larger the θ′. The surface fraction of solid could be decreased by increasing the surface roughness. In general, surfaces with a static contact angle higher than 150° are defined as superhydrophobic surfaces [7] . High surface roughness has been realized by a variety of ways, e.g. through template reproduction [8] , phase separation [9] , sol-gel [10] , and electrodeposition [11] etc. Aerogels are materials obtained when liquids in wet gels are removed with the gel network remained [12] . Therefore, aerogels are of porous structure in nature with low solid surface fraction. Silica aerogels are among the most widely studied aerogel materials. Superhydrophobicity may be realized for silica aerogels by proper modification of their surface hydrophobicity. For this purpose, organosilanes are frequently used to silylate silanol groups on surface of silica aerogels, using co-precursor [13] or post treatment [14] methods. Silica-type aerogels can also be directly prepared by International Conference on Advances in Energy and Environmental Science (ICAEES 2015) using alkyltrialkoxysilane as the starting material, e.g. methyltrimethoxysilane (MTMS) or methyltriethoxysilane (MTES). Silica through any of these modifications is frequently referred to as ormosil (organically modified silica) [15, 16] .
Wet gels have to be dried under specially controlled conditions, e.g. supercritical states, to overcome capillary force damage to network structure. To retain network at ambient pressure drying processes, time-exhausting solvent exchange procedures are often used, to replace the pore liquids with solvents of lower surface tensions [12] .
In the present work, by using MTMS as the precursor, we have developed a rapid and convenient two-step method for the preparation of ormosil powder of superhydrophobicity. In the first step, a hydrogel of MTMS was first prepared and broken into small pieces to obtain a dispersion of hydrogel particles. Then hydrolysis and base catalyzed polycondensation of MTMS took place in the hydrogel dispersion to result in a precipitated powder. Drying this powder at ambient pressure gave a superhydrophobic ormosil powder.
Experimental
Materials. Methyltrimethoxysilane (MTMS) was purchased from Qufu Chenguang Chemical Corporation Ltd. (Shandong, China), and used as received. Hydrochloric acid (38 wt.%), ammonium hydroxide (25 wt.%) and sodium silicate (Na 2 SiO 3 •9H 2 O) are all of analytical grade. Ammonium hydroxide was used as received, hydrochloric acid was diluted to 0.5M solution and sodium silicate was dissolved in water to be used in the form of 20 wt% solution. Deionized water was used throughout the experiments.
Preparation of ormosil powder. To 20 mL of water, 1 mL of MTMS was added and pH was adjusted to 3 using 0.5 M hydrochloric acid solution. After 30 min, 1 mL of sodium silicate solution (20 wt.%) was added to the hydrolyzate to act as the base catalyst for gelation to take place. It could be observed that the hydrolyzate lost flowability in about 10 min.
Then, another 10 mL of hydrolyzate, which was prepared with the same method as that formerly used for gel formation catalyzed by acid, was added to the gel. After that, the gel was broken to a dispersion of small pieces of gel particles under strong shearing using a high speed homogenizer at 10,000 rpm (FS-2, China). To this gel dispersion, additional 50 mL of hydrolyzate of MTMS (the same as above) was added and homogenized, and ammonium hydroxide was added to adjust the pH to be about 11. It could be observed that white precipitate appeared and enriched to the upper section of the liquid. The collected solid was dried in air at ambient temperature to obtain a white powder (denoted as powder A hereafter).
As a comparison, the acid catalyzed hydrolyzate of MTMS, which is the same as above, was treated by ammonium hydroxide to get pH = 11, also leading to a white precipitate, and ambient pressure drying of this precipitate also gave a white powder (denoted as powder B hereafter).
Characterization. For hydrophobicity measurement, a glass slide was coated with a thin layer of polymethylsilsesquioxane resin, which was prepared according to a literature method [17] but diluted with ethanol. After solvent evaporation, a thin layer of viscous PMSQ coating was formed. Powder samples were adhered on this glass slide by spreading a thin layer of their dispersion in ethanol. Hydrophobicity was evaluated by static water contact angle measurement, which was performed on a DSA100 contact angle analyzer (Kruss, Germany). A drop volume of 8 μL was adopted for water contact angle measurements. For each sample, five measurements were made at different places to give an average result.
The microscopic morphologies of the solid powders were observed on a JSM-6701F SEM (Japan). The specimens were prepared according to the same method as that for water contact angle measurement except that thinner glasses were used in this case. The specimens were sprayed with gold in vacuum after drying in air for SEM observation.
Results and Discussion
The difference between MTMS and tetraethoxysilane (TEOS), which is frequently used as precursor of silica, is that MTMS can be thought to be the product when one ethoxy group in TEOS is replaced by a hydrophobic methyl group. This difference leads to less functional groups existing in the hydrolyzate of MTMS when compared with that of TEOS. As a result, it is always more difficult for the hydrolyzate of MTMS to transform into a gel. In the present work, it was found that addition of a small amount of sodium silicate facilitated the gelation process through increasing the functionality of the system. Sodium silicate acted as both crosslinker and base catalyst to transform the hydrolyzate of MTMS into a gel in quite short a time of several minutes. Fig. 1 shows the SEM image of sample A, which is an ormosil powder prepared by the two-step method. Fig. 2 shows the SEM image of sample B, which was prepared by the one-step method. Interestingly, it is found that sample A is of porous structure, consisting of interconnected small particles of about 100 nm in size. While sample B is smooth spheres of micron size. In the case of the two-step method, polycondensation reaction of the hydrolyzed MTMS took place in between the small pores of small hydrogel particles, taking advantage of the network of hydrogel as nucleation center to grow rapidly to form small particles. While in the case of the one-step process, the oligomeric hydrolyzate of MTMS aggregated to form small nucleation centers, and particles grew through followed addition of smaller particles to these centers. The formed particles are much larger because of the lack of growing centers [18] . In the drying process of sample A, the small particles interconnected by gel framework are stiff enough to survive severe capillary force without much damage to network structure, retaining porous structure.
The static water contact angle measurement for sample A gives an average value of 155.26±5.25º, which is in the superhydrophobic range, while that for its counterpart sample B is 136.2±0.9º. The higher water contact angle of sample A is attributed to its porous structure, which gives a much higher r in Eq. 1.
Conclusions
It was found to be difficult for the acid catalyzed hydrolyzate of MTMS to form a gel in aqueous medium. Addition of a small amount of sodium silicate solution to the hydrolyzate increased the number of functional groups and lead to rapid gel formation, while simple base treatment with ammonium hydroxide lead to formation of smooth spheres of ormosil rather than a gel.
Base catalyzed polycondensation of MTMS hydrolyzate in the dispersion of small pieces of broken gel in water resulted in rapid formation of a white precipitate. The obtained ormosil powder after drying the precipitate at ambient pressure shows aerogel-like porous structure in SEM image. This means that nucleation and growth took place in the network of the gel, taking advantage of the gel framework as the nucleation center, leading to porous structure consisting of interconnected ormosil particles about 100 nm in size. Water contact angle measurements show that the obtained porous ormosil powder is superhydrophobic, due to its highly porous structure.
Because the gel formation and polycondensation in dispersion of broken gel are all rapid processes, and the drying process is carried out at ambient pressure, this method is convenient to use for the practical production of superhydrophobic ormosil powder.
